Abstract: Suzuki cross-coupling reactions of 3-pyrroleboronic acid derivatives with haloaromatics and the reverse process i.e., the coupling of 3-iodo(bromo)pyrroles with arylboronic acids have been investigated as a potential key step in the synthesis of (-)-rhazinilam and analogues. It was found that 3-iodo-2-formyl-1-tosylpyrroles efficiently coupled with a variety of arylboronic acids in the presence of PdCl 2 (dppf) as catalyst. This catalytic system is compatible with a broad spectrum of arylboronic acids -electron-rich, electron-poor, hindered, heterocyclic -which easily coupled with the pyrrole substrate.
Introduction
The pyrrole ring is common to many compounds which have found applications in the pharmaceutical field (1) and also in material sciences (see for example ref. 2) . Not surprisingly, they have represented a continuous challenge for synthetic chemists (1, 3) . In the context of a total synthesis of the alkaloid (-)-rhazinilam 1, an inhibitor of microtubules disassembly (4) (Scheme 1), we became interested in the development of a convenient synthetic route towards 1,2-disubstituted-3-aryl pyrroles. Our goal was to develop a method applicable to the synthesis of the natural product and a large variety of simpler analogues 2.
A literature survey indicated that efficient methods of synthesis of 1,2,3-trisubstituted pyrroles are not numerous (5). Most of them give rather low yields or lack generality. On the other hand, coupling reactions of aromatic compounds in the presence of Pd 0 or Ni 0 catalysts are nowadays part of the armamentarium of synthetic chemists (for a recent review see ref. 6 ). The palladium-catalyzed cross-coupling of arylboronic acids with aryl bromides or iodides was first described by Suzuki and co-workers (for recent reviews, see ref. 7) . It has been shown to be applicable to the coupling of pyrrole derivatives with other aromatic compounds (8, 9). We selected a Suzuki coupling reaction of 3 with 4 as an attractive approach towards 2 since: (i) it is highly convergent; (ii) aryl-and heteroaryl halides as well as boron derivatives are easily available and readily undergo the cross-coupling reaction (see for example refs. 10, 11); (iii) the presence of a carbonyl or a carboxyl group at C-2 of the pyrrole should allow numerous transformations; (iv) a tosyl group on nitrogen should be a good model for a polymer-bound arylsulfonic group. An account of our first results was published in 1999 (12) . Two more recent papers also report the use of a cross-coupling reaction involving substituted 3-iodopyrroles for the synthesis of analogues of (-)-rhazinilam (13). We now report the full details of our studies.
Synthesis of 1,2-disubstituted 3-halopyrroles
Our strategy required an easy access to 3-halopyrroles 3 (Y = Br, I) and the corresponding boronic acid (Y = B(OH) 2 ). We selected the efficient method described by Masquelin and Obrecht (3) using aldimines and acetylenic acetals or ketones as starting materials. Compound 5 was obtained in excellent yields as described (Scheme 2).
However, very low yields (<3%) of 6a were obtained from the treatment of 5 with 2.4 M aq HBr as described by the authors. The use of a more concentrated HBr solution at 80°C for 15 min gave 6a in 78% yield. Similarly, treatment of 5 with 57% aq HI gave a 71% yield of 6b if the temperature was kept at -10°C to avoid degradation of the product under these strongly acidic conditions. This practical sequence has been applied to the preparation of up to 23 g of 6a and 43 g of 6b.
Pyrroles are extremely sensitive to oxidizing agents (1) . However, the selective oxidation of the olefinic double bond of a 3-vinylpyrrole bearing an electron-withdrawing benzenesulfonyl group on nitrogen has been successfully performed with NaIO 4 -OsO 4 cat (14) . However, under these conditions, the oxidation of the styryl double bond of 6a, 6b took approximately 5 days. The oxidative cleavage with aq KMnO 4 was much faster. At room temperature, the products were the expected aldehydes 7a, 7b. At 90°C, hydrolytic cleavage of the tosyl group simultaneously occurred to yield 8a, 8b.
Coupling reactions with 1-tosyl-2-styrylpyrrole boronic acid (9)
We first studied the synthesis of pyrroleboronic acid 9 and its coupling reaction with aryl iodides. Compound 9 was obtained from 6a by a metal-bromide exchange with t-BuLi followed by treatment with trimethylborate and hydrolysis (Scheme 3).
Compound 9 was used without purification. The coupling reactions were performed under the conditions described by Muchowski (8a) for related cases. Yields were moderate with phenyl iodide and o-iodoanisole. However the presence of an electron-withdrawing nitro group in para or ortho position of the iodide considerably lowered the yields. The coupling of 9 with o-iodonitrobenzene was of special interest in the context of the rhazinilam problem. Next to the expected coupling product 10d, we found a reduction product 11 (30%) and, more surprisingly, a compound 12 (25%) resulting from a coupling at position 5 of pyrrole 9 (Scheme 4).
We were able to show that the reduction product was formed as a result of the incomplete conversion of the organolithium intermediate into the corresponding boronic acid. Product 12 could be the result of an isomerization of the 3-lithio compound to the thermodynamically more stable 5-lithio isomer. There was little hope to improve the yields of 10d by bringing the temperature further down; this would probably slow down the isomerization of the organolithium compound but also increase the amount of reduction product. We thus decided to study the Suzuki coupling reactions between 3-bromo-or 3-iodo-pyrrole derivatives 6a, 6b and 7a, 7b with various arylboronic acids.
Study of the coupling conditions of 1,2-disubstituted-3-halopyrroles with arylboronic acids
We first examined the reaction of 6b with the commercially available phenylboronic acid 13a. We used Ba(OH) 2 (15) as base (Scheme 5, Table 1 ). In the presence of Pd(PPh 3 ) 4 as catalyst, no coupling product 10a was obtained in solvent mixtures (entries 1 and 2) which had been successfully used in similar coupling reactions (6, 7) . Running the coupling reaction in a more polar solvent (entry 3) led to a high yield of 10a. The accelerating effect of a polar solvent such as DMF had been used before to effect Suzuki coupling reactions (15b, 15e) of bromo-and iodo-pyrroles (9a) . However, when we applied these conditions to the coupling of 6b with the electron-deficient and hindered o-nitrophenylboronic acid, we observed a dramatic decrease of the yield of coupling product 10b, even at higher temperatures (entry 4). The presence of chloride ion (16) or the use of a bidentate phosphine (17) such as dppe (18) (entries 5 and 6) did not much improve the yield of coupling product 10b. The major product 11 of the reaction resulted from the reductive cleavage of the carbon-iodine bond. We also observed variable amounts of nitrobenzene resulting from a base-catalyzed hydrolysis of o-nitrophenylboronic acid (19) .
The use of 1,1¢-bis(diphenylphosphino)ferrocene (dppf) bidentate ligand (20a, 20b ; for a more recent example see ref. 20c) on palladium led to a significant increase of rate and yield (entries 7 and 8); the reaction was over in a few minutes even at 80°C and yields of coupling product 10b were up to 80%. After completion of our work, Buchwald, Hermann, Fu and co-workers (21) reported new efficient catalysts for Suzuki cross-coupling reactions. However, no crosscoupling reactions involving a pyrrole derivative was described and we have not examined these new catalysts.
The palladium-catalyzed dehalogenation of aromatic compounds has been abundantly documented (review see ref. 22) . Hydrodehalogenation products have sometimes been observed as by-products of Pd-catalyzed cross-coupling reactions (23). In these cases, water or tertiary amines have been assigned the role of hydride donors. In Table 2 , we describe a study of the hydrodeiodination reaction of 6b (Scheme 6).
It shows that: (i) no hydrodeiodination was observed in the absence of base or when DMF was replaced by N,Ndimethylacetamide (entries 1 and 2); (ii) no incorporation of deuterium was observed in the presence of D 2 O or Me 2 NC(O)D (entries 3 and 4); (iii) incorporation of deuterium at C-3 of 11 occurred when the reaction was run in
These observations were rationalized by the mechanism outlined in Scheme 7.
We have successfully applied the conditions of Table 1 , entry 7 to the coupling of 2-formyl-3-halo-1-tosylpyrroles 7a, 7b with o-nitrophenylboronic acid (Scheme 8). Under these conditions, Ba(OH) 2 did not add to the aldehyde function of 7a, 7b (NMR control) and was thus available for the coupling reaction.
As expected, the reaction of iodopyrrole was much faster than that of the corresponding bromide and gave a higher yield of 13a. The coupling reaction could also be effected in very high yield on the N-methylated pyrrole but did not occur when nitrogen was unsubstituted.
Generalization of the coupling reaction
With these optimized conditions in hand, we carried out the cross-coupling reaction of 7b with a wide variety of aryl and heteroarylboronic acids (Scheme 9, Table 3 ).
High yields of cross-coupled 1,2-disubstituted-3-arylpyrroles have been obtained. The reaction tolerates both electron-rich and electron-poor arylboronic acids. It could also be applied successfully to the coupling of 7b with the sterically hindered mesitylboronic acid.
The electron-poor 2-nitro-6-(trifluoromethyl)phenylboronic acid 14 was prepared by nitration of 2-(trifluoromethyl)-phenylboronic acid (Scheme 10). The conditions described for the nitration of boric acid (28) , gave no reaction and sulfuric acid had to be used to obtain 14 in a 42% yield, together with its isomer 15 (12%). However, 2-nitro-6-(trifluoromethyl)phenylboronic acid 14 gave no coupling product. Interestingly, the corresponding aniline 16 gave 3-tosyl-9-(trifluoromethyl)-3H-pyrrolo [2,3-c] -quinoline 17 in 26% yield (Scheme 10).
This illustrates a further application of this coupling reaction for the synthesis of pyrroles fused to other heterocycles. However, at this stage, we did not try to optimize the reaction.
In conclusion, we have fulfilled our goal and developed a practical synthetic route towards 1,2-disubstituted-3-aryl-(heteroaryl)pyrroles. The method should offer the possibility of building libraries of a wide variety of 2-substituted-3-arylpyrroles or polycyclic heteroaromatics derived therefrom using a polystyrene-bound 2-formyl-3-iodo-1-sulfonylpyrrole. Further applications of these findings to the total synthesis of (-)-rhazinilam and analogues will be reported in due course. Tetrakis(triphenylphosphine)palladium (29) and dichloro-(diphenylphosphinoferrocene)palladium (30), o-nitrophenylboronic and p-nitrophenylboronic acids were prepared as described in the literature (28) . Unless otherwise noted, the other boronic acids used were purchased from commercial sources. THF and toluene were distilled from sodium-benzophenone. Organic phases were dried over magnesium sulphate. Solvents were degassed by bubbling argon for at least 15 min. Chromatographic separations were performed with silica gel purchased from Merck (thickness 40-63 mm)
Experimental

General
3-Bromo-2-styryl-1-tosylpyrrole (6a) (RN: 168030-84-0)
To a solution of (E)-N-(4,4¢-diethoxy-1-styrylbut-2-ynyl)-4-toluenesulfonamide (3) (18 g, 45 mmol) in toluene (100 mL) was added bromohydric acid (48% aqueous, 48 mL, 425 mmol). The reaction mixture was stirred for 10 min at 80°C and then allowed to cool to room temperature. It was poured into ice and ether, sodium hydroxide (14.4 g, 360 mmol) was then added, and the pH adjusted to 7 with 1 N aqueous sodium hydroxide. The aqueous phase was extracted with ether, the organic layers were washed with brine, dried and concentrated in vacuo. Purification by flash chromatography on silica gel (10% diethyl ether in petroleum ether) Yield of 4: 14.1 g, 78%, pale yellow solid (mp 97°C -2-styryl-1-tosylpyrrole (6b) (RN: 233770-17-7) To a solution of (E)-N-(4,4¢-diethoxy-1-styrylbut-2-ynyl)-4-toluenesulfonamide 5 (3) (25 g, 61 mmol) in toluene (200 mL) at -10°C was added iodohydric acid (57% aqueous, 57 mL, 424 mmol). The mixture was stirred for 1 h at room temperature then poured into ice and ether. Sodium hydroxide (13.3 g, 333 mmol) was then added and the pH adjusted to 7 with 1 N aqueous sodium hydroxide. 
3-Iodo
2-Formyl-3-bromo-1-tosylpyrrole (7a)
To a solution of 6a (0.1 g, 0.25 mmol) in dioxane (3 mL) was added potassium permanganate (0.2 g, 0.75 mmol) and water (1 mL). The mixture was stirred at room temperature for 1 h then treated with saturated aqueous sodium thiosulfate (1 mL), then with 1 N HCl until the mixture was discoloured. The aqueous phase was extracted with ethyl acetate, the combined organic layers were washed with brine, dried and concentrated in vacuo. Purification by flash chromatography on silica gel (20% diethyl ether in petroleum ether). Yield of 7a: 52 mg, 58%, pale yellow solid (mp 70°C). R f = 0.54 (40% diethyl ether in petroleum ether -3-iodo-1-tosylpyrrole (7b) (RN: 233770-15-5) To a solution of 6b (17 g, 37.8 mmol) in dioxane (300 mL) was added potassium permanganate (17.9 g, 113.4 mmol) and water (150 mL). The mixture was stirred at room temperature for 1 h, then treated with a saturated aqueous sodium thiosulfate (100 mL) and with 1 N HCl until the mixture was discoloured. The mixture was stirred overnight. The pale yellow precipitate was filtered, dissolved in ethyl acetate, washed with brine, dried and concentrated in vacuo. 
2-Formyl
3-Bromo-2-formylpyrrole (8a)
To a solution of 6a (0.50 g, 1.24 mmol) in dioxane (10 mL) was added potassium permanganate (0.59 g, 3.73 mmol) and water (3 mL 
3-Iodo-2-formylpyrrole (8b) (RN: 40566-07-2)
To a solution of 6a (0.1g, 0.22 mmol) in dioxane (2 mL) was added potassium permanganate (0.1g, 0.66 mmol) and water (0.6 mL). The mixture was refluxed overnight then allowed to cool to room temperature and filtered on a Celite ® pad. The organic layer was then washed with sodium thiosulfate, brine, dried and concentrated in vacuo. Purification by flash chromatography on silica gel (30% diethyl ether in petroleum ether). Yield of 8b: 20 mg, 40%, white solid (decomposed at 128°C). R f = 0.57 (50% diethyl ether in petroleum ether 
2-Styryl-1-tosylpyrrole boronic acid (9)
To a solution of 3-bromo-2-styryl-1-tosylpyrrole 6a in dry THF (12 mL) at -78°C was added t-BuLi (1.7 M in pentane, 3.3 mL, 5.3 mmol). The mixture was stirred for 25 min and turned brown. A solution of trimethyl borate (2.8 mL, 25 mmol) in THF (50 mL) at -78°C was then added via cannula. The reaction mixture turned orange. After 45 min, the reaction was quenched by adding 0.5 mL of methanol and 0.5 mL of water. The solution was poured into water (20 mL), the aqueous phase extracted with diethyl ether. The combined organic phases were washed with brine, dried and concentrated in vacuo. The crude product was used in the coupling reaction without further purification.
Coupling reactions
Method A refers to the coupling reaction of 2-styryl-1-tosylpyrrole boronic acid 9 with iodoaryls: A mixture of aryliodide (1 equiv), crude boronic acid 9 (1.5 equiv, 0.16 M), barium hydroxide octahydrate (1.5 equiv), and tetrakis(triphenylphosphine)palladium (0.05 equiv) in a degassed mixture of water, methanol, and benzene (3:2:10) was refluxed for 16 h. It was then concentrated and the crude material was dissolved in ethyl acetate and filtered on a Celite ® pad to remove metallic palladium. The filtrate was then dried and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel.
Method B refers to the coupling reaction of 3-iodo-2-styryl-1-tosylpyrrole 6b with an arylboronic acid: A mixture of 3-iodo-2-styryl-1-tosylpyrrole 6b (1 equiv, 0.044 M), boronic acid (1.5 equiv), barium hydroxide octahydrate (1.5 equiv), and catalyst (0.05 or 0.1 equiv) in a degassed mixture of DMF and water (4:1) was placed in a bath which had been preheated to 120°C. After 20 min, it was cooled to room temperature and diluted with ethyl acetate and water. After filtration on a Celite ® pad, the solution was washed with water, brine, dried and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel.
Method C refers to the coupling reaction of 2-formyl-3-iodo-1-tosylpyrrole 7b with an arylboronic acid: A mixture of 2-formyl-3-iodopyrrole (1 equiv, 0.044 M), aryl boronic acid (1.5 equiv), barium hydroxide octahydrate (1.5 equiv) and dichloro(diphenylphosphinoferrocene)palladium(II) (0.1 equiv) in a degassed mixture of DMF and water (4:1) was placed in a bath which had been preheated to 80°C. After 5 min, it was cooled to room temperature and diluted with ethyl acetate and water. After filtration on a Celite ® pad, the solution was washed with water, brine, dried and concentrated in vacuo. The crude product was purified by flash chromatography on silica gel. -2-styryl-1-tosylpyrrole (10a) Method A: 1.36 g (3.71 mmol) of the crude boronic acid 9, 0.5 g (2.47 mmol) of iodobenzene, 1.17 g (3. 71 mmol) of barium hydroxide octahydrate, 57 mg (0.05 mmol) of tetrakis(triphenylphosphine)palladium. Eluent: 10% of diethyl ether in petroleum ether. Yield of 10a: (560 mg, 56%).
3-Phenyl
Method B: 0.3 mg (0.7 mmol) of the 3-iodo-2-styryl-1-tosylpyrrole 6b, 0.5 mg (1 mmol 7.32-7.28 (m, 4H), 7.25-7.19 (m, 4H), 7.20 (d, 3 J = 8. To 3-iodo-2-styryl-1-tosylpyrrole 6b (100 mg, 0.22 mmol), barium hydroxide octahydrate (1.5 equiv), and catalyst (0.05 or 0.1 equiv), a degassed mixture of DMF (8 mL) and water (2 mL) was added. The mixture was then placed in a bath preheated to 120°C. After 20 min, it was cooled to room temperature and diluted with ethyl acetate and water. After filtration on a Celite ® pad (washed with ethyl acetate), the solution was washed with water, brine, and dried. Purification by flash chromatography on silica gel (20% diethyl ether in petroleum ether). Yield of 11: 57 mg, 79%, colourless oil. R f = 0.38 (30% diethyl ether in petroleum ether). -3-(m-nitrophenyl)-1-tosylpyrrole (13c) (RN: 233770-24-6) Method C: 150 mg (0.4 mmol) of the 3-iodo-2-formyl-1-tosylpyrrole 7b, 102 mg (0.6 mmol) of m-nitrophenylboronic acid, 189 mg (0.6 mmol) of octahydrate barium hydroxide, 30 mg (0.04 mmol) of dichloro (diphenylphosphinoferrocene) 
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